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Connecticut; and 4Department of Medicine, The University of Hong Kong, Hong Kong, ChinaABSTRACT Cell migration refers to a directional cell movement in response to chemoattractant stimulation. In this work, we
developed a cell-migration model by mimicking in vivo migration using optically manipulated chemoattractant-loaded micro-
sources. The model facilitates a quantitative characterization of the relationship among the protrusion force, cell motility, and
chemoattractant gradient for the first time (to our knowledge). We verified the correctness of the model using migrating leukemia
cancer Jurkat cells. The results show that one can achieve the ideal migrating capacity by choosing the appropriate chemoat-
tractant gradient and concentration at the leading edge of the cell.INTRODUCTIONCell movement, which is closely related to the development
and maintenance of multicellular organisms, has attracted
much attention (1). Cell migration is a directional cell
movement in response to chemoattractant stimulation.
Numerous studies have investigated cell migration, espe-
cially for the identification of influential molecules (2–5).
However, information about the mechanisms of chemoat-
tractant gradient induction of cell migration has remained
limited, inhibiting further advances in cell mobility
research.
The gradient of chemoattractant molecules activates
the inner filament network and causes a cell chemotactic
response (6–9). To date, the relationship between the
chemoattractant gradient and cell motility has yet to be
determined quantitatively. It has been known that a cell
experiences several forces during migration, including the
protrusion force, which overcomes hindrances caused by
friction and viscosity, and drives the cell to move toward
the stimulus. Other forces experienced by the cell are caused
by adhesion of the leading edge, de-adhesion at the cell
body and rear, and cytoskeletal contraction (10). The precise
estimation of the cell protrusion force has remained a chal-
lenging problem (11–14). We recently proposed the use of
robotically controlled optical tweezers to trap chemoattrac-
tant-loaded biocompatible poly(lactic-co-glycolic acid)
(PLGA) microparticles, which release chemoattractant mol-
ecules into a liquid environment and induce cell polarization
and migration (15). The establishment of a cell manipula-
tion tool that can artificially generate a gradient field underSubmitted October 7, 2014, and accepted for publication December 31,
2014.
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0006-3495/15/04/1645/7 $2.00in vitro conditions could facilitate in-depth studies of in vivo
cell migration.
Here, we describe a dynamic model of migrating cells in
an in vitro chemoattractant environment that mimics the
in vivo condition to induce cell polarization and migration.
The model aims to illustrate the relationship between the
chemoattractant gradient and cell forces, as well as to reveal
the cell motility capacity.MATERIALS AND METHODS
Experimental setup
An optical-tweezers manipulation system established at the City University
of Hong Kong was used to manipulate cell migration, as shown in Fig. 1 a.
This system provides an intuitive user interface and allows dexterous con-
trol of optical traps. An incubator is mounted on the motorized stage to keep
the cells in an atmosphere of 5% CO2 at 37
C.
We performed a series of experiments on trapping a PLGA bead to
calibrate the optical trapping stiffness (k). Numerous methods have been
proposed to calibrate the trapping stiffness (16,17). In the current work, a
polystyrene bead was initially trapped in a suspending RPMI medium,
and the center of the bead was coincident with the focus center. A stable
drag force applied on the bead was generated when the cell was moved
at a given speed. At a position with balance, the trapping force (Ftrap)
was equal to the drag force (Fdrag). Fig. 1 b illustrates the relationship be-
tween the trapping force and the displacement of the bead with respect to
the focus of the optical trap, showing that the trapping force increases lin-
early as the displacement increases within the critical value. According to
previous work (18), when the displacement is beyond the critical value
(i.e., x0 ¼ 2.3 mm in the study), the trapping force decreases and becomes
zero after the bead is outside the optical trap. Based on a recent report (19),
the trapping stiffness is a function of the laser power (P), expressed as k ¼
(0.525 0.02)P. In experiments in which three traps were used, the power
assigned to each trap in use was ~400 mW. The trapping stiffness of each
trap was calibrated as 209.645 39.52 pN/mm (19). Images of the manip-
ulation process were acquired by a CCD camera under 60 magnification,
with a resolution of 0.1075 mm/pixel. As a result, the accuracy of the mea-
surement could reach ~22 pN/pixel. The maximum trapping force was
measured to be ~500 pN. It was assumed that the laser power used in thehttp://dx.doi.org/10.1016/j.bpj.2014.12.060
FIGURE 1 (a) Optical-tweezers manipulation system established at the
City University of Hong Kong. (b) Trapping force versus displacement
from the trap center.
FIGURE 2 Simulated gradient generation with two microsources.
1646 Yang et al.experiments was large enough to bring the cell to a halt within the critical
value.Cell culture and reagents
Leukemia cancer Jurkat cells were selected as the samples for cell-migration
tests. Jurkat cells, an immortalized line of T lymphocyte cells, are suitable for
studies of cell motility because of their relatively fast motion. The Jurkat
cells were cultured for growth in anRPMI 1640mediumwith 10% (v/v) fetal
bovine serum (FBS; Invitrogen, Carlsbad, CA) and incubated under 5%CO2
at 37C in a humidified atmosphere. A 35-mm, thin-bottomed Petri dish
(m-dish; Ibidi, Martinsried, Germany) was used to culture the Jurkat cells.
The culture dish was first coated with fibronectin (100 mg/ml; Invitrogen)
at 4C and left overnight before the experiments. After the fibronectin was
aspirated the next day, the dish was rinsed with PBS and filled with RPMI
1640 medium supplemented with 10% (v/v) FBS. Cells were seeded on
the fibronectin layer and incubated for 2–3 h to allow attachment.FIGURE 3 Schematic of the model for probing cell migration. (a) A cell
stimulated by a chemoattractant-loaded PLGA microsource. (b) Use of an
optically trapped bead for force sensing.Chemoattractant-induced cell migration
The chemoattractant concentration gradient was generated by PLGA beads
manipulated by optical tweezers. The PLGA beads were fabricated using a
solvent evaporation-spontaneous emulsion technique (9) and loaded with
SDF-1a chemoattractant, which can stimulate the migration of leukemia
cancer Jurkat cells. The radii of the beads ranged from 1 mm to 3 mm.
The beads were trapped using optical tweezers and placed within 3–5 mm
of the cell. Soluble chemoattractant molecules were released into the liquid
with a relatively slow diffusion coefficient (~1.7  1013 m2/s). Within a
time period ranging from 100 s to 200 s, the PLGA beads created a concen-
tration spherical field with a radius of ~4–8 mm. Fig. 2 illustrates the simu-Biophysical Journal 108(7) 1645–1651lated gradient field generated by two microsources, which was obtained by
using the finite element analysis software COMSOL.Model development
Once the cell detects the chemoattractant gradient, a force that drives the
cell to move toward the chemoattractant-loaded microsource is generated.
This force is defined as the protrusion force Fp in this study. Moreover,
the cell is subjected to the resistance forces of viscosity (generated by the
liquid environment; Fviscous) and friction (found between the cell and sub-
strate; Ffriction) during migration, as shown in Fig. 3 a. Fp, Fviscous, and
Ffriction contribute to the cell movement, as described by the following
dynamic equation:
Fc þ mc€x ¼ Fp  Ffriction  Fviscous; (1)
where mc and x denote the mass and position of the centroid of cell, respec-
tively; mc€x is generally neglected in an environment with a low Reynolds
number (20). According to Svoboda and Block (22), Fviscous ¼ l _x, where
l is the drag coefficient. The friction force Ffriction can be determined by us-
ing the adapted Zhurkov model (23), and d is defined as the area density of
the ligand adhesion in effective proportion A. Subsequently, Ffriction can be
expressed as Ffriction ¼ dAm1 _x, where the area density d is ~200–300
mm2, the ligand mobility m ranges from 104 m/Ns to 105 m/Ns (23), and
A can be experimentally determined. Fc is a term generated by the complex
actin polymerization and molecular motors (10). To measure the effect of
Fc, a polystyrene bead (with a radius of 1–2 mm), which functions as a force
sensor and is trapped by an optical tweezers, is placed between the cell and
the microsource bead, as shown in Fig. 3 b. When the cell moves toward the
microsource, the cell pushes this sensor bead away from the focus point of
Model of Cell Migration 1647the trap, resulting in an optical trapping force that is applied to the bead. At
this moment, the moving speed of the cell also decreases rapidly. The trap-
ping force applied to the bead can be estimated using Ftrap ¼ kxb when the
bead is within the critical displacement, where xb is the offset of the bead
(24). Using this method, one can indirectly examine Fc by calculating the
trapping force Ftrap, using Fc ¼ Ftrap ¼ kxb. Note that Fc is measured in
the static equilibrium state, when the cell stops moving. Recent work
(19) indicated that cells are sensitive to an external barrier, implying that
the cell velocity decreases rapidly when a barrier exists in front of the
cell. This is in accord with the elastic Brownian ratchet model (21).
The substitution of Fviscous, Ffriction, and Fc into Eq. 1 yields the relation-
ship between the protrusion force and the velocity of the migrating cell,
which can be expressed as
Fp ¼

lþ dAm1 _x þ kxb: (2)
The relationship between the cell velocity and gradient is then analyzed.Existing approaches reported in the literature have explained how a cell de-
tects the gradient. For instance, a cell uses receptors and G-protein-linked
signaling pathways to detect the gradient (25). By measuring the chemoat-
tractant concentration around the cell, the cell can identify the highest
concentration gradient, and thus it can determine the orientation of the stim-
ulus (26). In this study, we created a chemoattractant gradient by placing
optically trapped microsources near the cell, which is standardized as
g ¼ VC/g0, where C denotes the chemoattractant concentration, g0 ¼
1 mol/m4. The concentration of the chemoattractant molecules at the sur-
face of the spherical microsource can be expressed as C0 ¼ l0rba2/3MwtrD
(27), where l0 < 1 is the loading ratio (mass of molecules loaded into the
particle divided by the mass of the particle), rb is the mass density of the
particle material, a is the radius of the particle, Mw is the molecular weight
of the molecule, tr is the release time measured when the bead is placed into
the solution, and D is the diffusion coefficient of the molecule (27).
According to the elastic Brownian ratchet model (21), the protrusion
force is generated by the filament network and the cell-migration velocity
can be expressed as
_x ¼ Vmax exp

 l

fa$
a
w
þ Fc
w

kBT

 Vdep; (3)
where l is the average length increment of the actin filament in the direction
of growth after one act of assembly, f is the attachment force per filament, aFIGURE 4 Model prediction results for filament numbers, cell velocity,
and cell protrusion force as the gradient increases.a
is the number of attached filaments, w is the number of working filaments,
kBT is the thermal energy, Vmax is the free polymerization rate, and Vdep is
the free depolymerization rate. Notably, a ¼ n/d and w ¼ n/k, where n, d,
and k denote the nucleation, dissociation, and capping rates, respectively.
The chemoattractant stimulation changes the number of filaments. The
working filaments contribute to the cell movement, which is not the case
with the attached filaments. The dissociation rate d represents the rate of
conversion of the attached filaments into working filaments. Thus, a high
d-value promotes cell migration. In contrast, the capping rate k inhibits
the growth of the working filaments, and hence hinders cell motility.
Considering that the attached filaments can be converted into working fila-
ments, a high nucleation rate n-value, which contributes to the growth of the
attached filaments (21), can also promote cell motility. Therefore, when the
cell is stimulated by a chemoattractant, the dissociation and nucleation rates
of the filaments are likely to increase, whereas the capping rate will tend to
decrease.
Based on the above analysis and the cellular excitation response reported
by Parent and Devreotes (25), d, k, and n can be formulated as d¼ l1tanh g,
k ¼ l2/(g þ 1), and n ¼ l3tanh g, where l1 denotes the maximum
dissociation rate, l2 denotes the capping rate when g ¼ 0, and l3 denotes
the maximum nucleation rate. As a result, the number of attached
and working filaments can be calculated as a ¼ n/d ¼ l3/l1 and
w ¼ n=k ¼ l3
l2
ðgþ 1Þtanh g, which clearly indicates that the gradient pro-
motes the growth of working filaments, but not that of attached filaments.
Consequently, Eq. 3 can be modified as_x ¼ Vmax exp

 lðgþ 1ÞkBT tanh g

l2fa
l1
þ l2Fc
l3

 Vdep:
(4)
Eq. 4 explicitly reveals the relationship between the cell movement velocity
and gradient.
By substituting Eq. 4 into Eq. 2, the relationship between the protrusion
force Fp and the gradient g can be derived as
Fp ¼ 4 exp

 x$ 1ðgþ 1Þtanh g

 r; (5)
where 4¼ (lþ dAm1)Vmax, with a unit of pN, denotes the maximum force
generated by the cell; x ¼ lkBT

fa$
l2
l1
þ Fc$l2l3

denotes the gradient effect
coefficient and is dimensionless; and r ¼ (l þ dAm1)Vdep  kxb, with a
unit of pN, denotes the hinder force generated by the cell.
Fig. 4 illustrates the model predication results qualitatively. As the
gradient increases, the number of attached filaments (a) remains constant,
whereas the number of working filaments (w) increases. The cell velocity
and the protrusion force rapidly increase when the gradient initially
changes, indicating that the cell is sensitive to external stimulation. Both
the cell velocity and protrusion force gradually stabilize. This result agrees
well with the well-known fact that the cell’s receptors, proteins, and fila-
ments are saturable. Note that although the modeling parameters vary for
different types of cells, the cellular response tendencies of different cells
should be similar.RESULTS AND DISCUSSION
We experimentally verified the correctness of the models
described by Eqs. 2, 4, and 5 using migrating leukemia
cancer Jurkat cells stimulated by optically manipulated
SDF-1a-loaded PLGA beads. The diffusion coefficient of
SDF-1a was ~1.7  1013 m2/s (28). According to Merks
et al. (28), the molecular weight of SDF-1a is Mw ¼
8008. Thus, the estimated concentration at the surface
of the microsource was calculated as C0 ¼ 2.5 mM. A
three-dimensional numerical model based on the proposed
experimental setup was established with the finite element
analysis software COMSOL to calculate the concentration
gradient, as shown in Fig. 5, a and b. Fig. 5, c and d,Biophysical Journal 108(7) 1645–1651
FIGURE 5 Simulation results for chemoattrac-
tant concentration. (a) Sketch showing the concen-
tration gradient generated by two microsources,
where height and color represent the concentration.
(b) Concentration distribution. (c and d) Numerical
concentration and gradient distribution along the
medial axis of two microsources. (e and f) Concen-
tration and gradient distribution at the cell surface,
with different angles with respect to the medial
axis of two microsource beads. The magnitudes
are represented by the length of the solid line.
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medial axis of the microsource beads. Fig. 5, e and f,
show the concentration and gradient distribution at the cell
surface. The distance between the cell and the microsource
bead was set as 3.5 mm. When the cell faced the two beads
directly with 0, as shown in Fig. 5 f, the concentration and
gradient were maximal.
Fig. 6 shows the typical experimental process and demon-
strates that the barrier bead (as the force sensor) was pushed
away from the focus of the optical trap when the cell moved
toward the stimulus induced by the chemoattractant
gradient. It was previously reported (29) that the trapping
process does not prominently compromise a cell’s viability
even with direct trapping.
One set of the test results in chronological order of Fp,
Ffriction, and Fc based on Eq. 2 is shown in Fig. 7 a. The pro-
trusion force Fp reached as high as >1000 pN, and FfrictionFIGURE 6 Experimental process in chronological sequence for measure-
ments of protrusion force.
Biophysical Journal 108(7) 1645–1651followed Fp closely. Fc was measured as 150 pN when the
cell was nearly stationary at the time point of 130 s. The
viscous force of the cell, which is too small to be shown
in Fig. 7 a, is only 103 pN, and was calculated using
l ¼ 0.7pN$s/mm. Fig. 7 b shows the relationship between
Fp and velocity _x, where _x was measured based on image
processing. Compared with Fc, Ffriction has a more signifi-
cant influence in Eq. 2, which explains the approximately
linear relationship between Fp and _x in Fig. 7 b. Fig. 7 c
shows the distance between the cell leading edge and the
microsource beads. Fig. 7 d shows that the cell migrated
along the gradient direction.
Experimental results based on 10 cell samples are pro-
vided in Table 1. It can be seen that Fc ranged from
100 pN to 300 pN, and the average protrusion force Fp
was ~1000 pN. The protrusion force was large enough to
overcome both the friction and viscous forces in driving
the cell to move forward.
Fig. 8 illustrates Fp and _x with respect to the concen-
tration gradient g. The measurement was repeated 10
times. Both Fp and _x rapidly increased when the gradient
initially increased, and subsequently they both stabilized
when the gradient reached 150 mol/m4. The solid lines
are the fitted results of the protrusion force and velocity
based on the actual test results, and can be mathematically
modeled as
FIGURE 7 Sample of experimental results in chronological order.
(a) Variation of the main forces experienced by the cell during
migration. (b) Relationship between the protrusion force and the velocity
of the cell. (c) The change in distance between the cell leading edge and
microsources during migration. (d) Directions of the cell migration and
gradient.
FIGURE 8 Experimental analysis of cell motility. (a) Protrusion force Fp
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
 16ðgþ 1Þtanh g

 1106 (6)

16

and the fitted line of Fp with respect to gradient g. (b) Cell velocity _x and the
fitted line of _x with respect to gradient g._x ¼ 6:4exp  ðgþ 1Þtanh g  2:8: (7)
After fitting Eq. 6 into Eq. 5, and Eq. 7 into Eq. 4, we
can extract the modeling parameters in Eqs. 4 and 5,
as shown in Table 2. Based on these parameters, l1, l2,
and l3 can also be identified as 0.4/s, 0.8/s, and 8/s,
respectively, which are close to the predicted values of
d (0.5/s), k (0.5/s), and n (10/s) reported by Mogilner
and Oster (21).
The experimental results in Fig. 8 clearly demonstrate
that both the protrusion force and the cell velocity increase
as the gradient increases, with the same tendency as theTABLE 1 Force measurement data for Jurkat cells
Cell
number
Avg. Fc
(pN)
Avg. Fp
(pN)
Avg. Ffriction
(pN)
Avg. Fviscous
(pN)
1 124.1 1000.4 938.4 0.0025
2 297.6 1124.0 808.4 0.0031
3 73.3 1254.9 1191.6 0.0042
4 36.7 896.7 865.2 0.0045
5 147.7 846.8 681.5 0.0016
6 135.8 965.7 825.6 0.0033
7 108.9 1043.6 930.8 0.0036
8 257.1 1095.4 749.8 0.0020
9 315.1 1068.2 717.3 0.0022
10 313.5 1306.5 984.2 0.0033model-predicted results shown in Fig. 4; thus, the correct-
ness of the proposed model is verified. Moreover, the model
as given in Eqs. 4 and 5 elucidates for the first time (to
our knowledge) the quantitative relationship between cell
motility and gradient.
Cell motility was also remarkably affected by the con-
centration at the leading edge of the cell, which is denoted
by Cfront. Fig. 9 shows the experimental results regarding
the relationship between Fp and the concentration at the
leading edge of the cell. The cell exhibited the highest
migration ability when the concentration was ~30 nM,
indicating that cell motility does not necessarily increase
with an increase in concentration. This phenomenon can
be attributed to the saturability and limited number of the
chemoattractant receptors. This finding shows that the
migration ability of each cell was maximal at concentra-
tions near the dissociation constant (Kd), because according
to Pelletier et al. (30), the Kd of SDF-1a is between 20 nM
and 40 nM, and the concentration value of 30 nM, at which
the cell exhibited the highest motility, falls in this range.
This finding leads to the hypothesis that both the concen-
tration Cfront and the gradient g considerably affect cell
motility.Biophysical Journal 108(7) 1645–1651
TABLE 2 Identified Parameters
Equations
Parameters
4 (pN) x r (pN) Vmax (mm/min) Vdep (mm/min) R
2 Adj. R2
Eq. 5 NA 16 5 3 NA 6.4 5 1.2 2.85 0.5 0.801 0.762
Eq. 6 25765 165 16 5 3 11065 92 NA NA 0.867 0.847
1650 Yang et al.CONCLUSIONS
We have described the development of a cell-migration
model that can characterize the relationship among the pro-
trusion force, chemoattractant gradient, and cell motility.
This model has, to our knowledge, three novel aspects. First,
the model quantitatively characterizes the relationship be-
tween the protrusion force and cell migration velocity.
This characterization is achieved by mimicking in vivo
migration using optically manipulated, chemoattractant-
loaded microsources. Second, by extending the elastic
Brownian ratchet approach, the proposed theoretical model
explicitly reveals the relationship between the cell migration
velocity and gradient. Third, the model characterizes how
the cell motility is affected by g and Cfront near the leading
edge. We verified the accuracy of the model using migrating
leukemia cancer Jurkat cells.AUTHOR CONTRIBUTIONS
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